This paper deals with the static and dynamic behavior of a variable displacement bent axis axial piston pump with power controller. A mathematical model is deduced to predict the performance of the studied pump and its hydraulic servo controller. The developed model, which takes into consideration the basic pump and controller nonlinearities is used to develop a computer simulation program for the pump. The steady state flow-pressure characteristics and pump transient response are predicted by using the simulation program. The pump static and dynamic characteristics are also measured. The study showed good agreement between theoretical and experimental results. The study provides good foundation for the future work aiming at improving the pump performance by finding out optimum constructional parameters.
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INTRODUCTION
Among the widely used variable geometric pumps, one can distinguish the axial piston pumps. The displacement-varying mechanism and power-to-weight ratio of these pumps make them most suitable for control of high power levels. The continued development of fluid power system puts every-increasing demand upon these pumps for greater rotational speeds, delivery pressures and output power. In order to satisfy these demands many different aspects of their design received attention. The subject of the dynamics of these pumps is an important one and has been discussed by many researchers. Manring, (1998) [1] , derived the instantaneous and average torque on the shaft of an axial piston swash plate type as a function of pump constructional and operational parameters. The author neglects the compressibility of the hydraulic fluid within the circuit. Manring and Johnson, (1996) [3] , developed several simple equations that govern the design of the actuator and control gainr,f a variable-displacement pump. In this study, the swash plate inertia and damping ar-9 neglected. Kaliafetis, (1995) (4] , studied the static and dynamic characteristics of a variable geometry axial piston pump with pressure regulator. The validity of the proposed model was based on the dynamic operating curves given by the manufacturer. The authors concluded that, the operating conditions are very crucial for the pump dynamic behavior. Kiyoshi, (1994) [5] , conditions are very crucial for the pump dynamic behavior. Kiyoshi, (1994) [5] , studied experimentally and theoretically the axial piston pump performance. He did not take into account the dynamic characteristics of the swash plate-supporting element. Edge, K. et al, (1989) [8] , reported an experimental study of the cylinder pressure within an axial piston pump. As a result, during the change from inlet to delivery port and vice versa the high fluid accelerations greatly affect cylinder pressure and flow rate. Zeiger, (1986) [13] , carried out a dynamic analysis of an axial piston pump and found that, the driving speed and the pressurized line volume affect the pump dynamic behavior. Zaki and Baz, (1979) [17] , studied the static and dynamic characteristics of pressure compensated swash plate type. The study is based upon the development of a linearized model. As a result, the variation of the oil temperature within the normal operating range has no significant influence on the pump dynamic behavior, while the effect of the pump running speed is considerable.
Other researchers that have contributed to this area are Lin (1985) [14] , [9], Zhang (1989) [10] , Kim (1987) [11] and Yamaguchi (1979) [16] . Paper FP-03 Figure 1 , shows a scheme of the studied pump illustrating the basic components. The pump consists of two main groups. The first group is the pumping mechanism which include the driving shaft, valve plate and seven pistons within a common cylindrical block. The second group is the pump controller group, which contains servo piston, control piston, guide rod, spool valve, adjustment spring and control springs. The two groups are connected together by means of a pin 14. The upper side of servo piston is permanently connected to the pump delivery line through orifice 15. The lower side is connected to the pressure and return lines by means of the spool valve. When the operating pressure exceeds the value preset at the adjustment spring, the control piston, guide rod and spool move in the direction to connect the pressure line to the servo piston lower chamber. The servo piston moves upwards until the balance of pressure and spring forces is restored. In this way, the cylinder block reaches a new inclination angle corresponding to the delivery pressure.
PUMP DESCRIPTION AND OPERATION

MATHEMATICAL MODEL
The mathematical model describing the pump dynamic behavior is deduced considering the following assumptions.
The fluid pressure at the suction and return lines is zero gauge pressure, neglecting the pressure losses in these short lines and using an open hydraulic tank. The pump internal leakage changes with the working pressure. The resistance to leakage C is evaluated experimentally, and found to be constant along the whole operating pressure range. Therefore, the leakage flow could be calculated by the following relation.
The average leakage from a single cylinder could be estimated by taking total pump leakage flow rate, evaluated experimentally, and its relation to pressure then dividing it by n/2. This technique is used to yield the average leakage from a single cylinder, assuming that on the average, half the number of pistons are exposed to high pressure and that most of tta leakage originates at these cylinders. The volume of oil in the piston chamber is gik an by the following expression. The pump flow rate Q p is given by:
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The flow rates Q 1 and Q2 passing through damping orifices following equations (15) are given by the
The flow rate Q, and Q, are given by 
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The flow rate Q4 is given by the following equation.
The areas a 3 and a4 change nonlinearly with the displacement x, as shown in Fig.5 .
The control piston, guide rod and the spool are subjected to pressure, spring, jet reaction, and seat reaction forces. They move in unison and their motion could be described by the following equations Equations (1) to (3o). are the kioverning equations describing the dynamic behavior of the studied pump and its controller.
COMPUTER SIMULATION
The pump simulation is carried out by the exploitation of equations (1) to (30) using the TUTSIM simulation program, version 7, [6] . This program enable to simulate the dynamic systems described by highly nonlinear mathematical model including algebraic and differential equations. The simulation by this program is based on the functional representation of the mathematical model in terms of the available TUTSIM function tools. The TUTSIM functions enable to take into consideration, practically, all of the pump nonlinearities as well as the generation of the recommended inputs. The numerical values of the pump constructional and operational parameters were obtained from the data sheets delivered by the producer [7] , and by direct measurements carried out on the pump elements. The static characteristics of the studied pump can be evaluated by solving the pump governing equations numerically in the steady state,.
EXPERIMENTAL WORK
The experimental work aims at validating the simulation program in the different static and dynamic operating conditions. The hydraulic circuit of the used test rig is shown in Fig.7 . The suction and discharge lines of the test pump are connected directly to the suction line port and the flow meter port, respectively. The tested pump (16) is driven by means of a hydraulic motor (13) . The pump speed is measured by means of a tachometer (15) , and controlled by changing the speed of the driving motor (5). The test pump delivery line is equipped with a pilot operated relief valve (28). The pump exit fluid flow through the opened DCV (17) and orifice (18) to the tank, through the flow meter (20). The DCV acts as a by-pass line in this case. By communicating the electric power to the solenoid of DCV, the valve closes and the exit pump flow is forced through the loading orifice. The used DCV is equipped with a powerful AC solenoid. During the steady state measurements shutoff valve (30) is closed and the pressure P is controlled by throttle valve (29), During the transient mode of operation, the shut-off valve is widely opened and the throttle valve is completely closed.
Measurement of the Pump Static Characteristics
The experimental determination of the static characteristics of the studied pump is carried out by measuring the pump discharge flow Q p at different values of the supply pressure P. The supply pressure P is controlled by the throttle valve and is indicated by the pressure gauge (21). The corresponding pump discharge Q p is measured by the flow meter (20). Measurements were carried out for different pump speeds, 550, 800, and 1000 rpm at the same presetting pressure. The flow rate Qp is also measured at different values of the presetting pressure. The Experimental and theoretical results are plotted in Figs 9 and 10. The measured values are used to find the discharge coefficient of the DCV restriction, Cdv , as follows;
The area A, is given by the following expression;
The values of x' and D. are obtained from a direct measurement of the DCV parameters, then the value of Cdv is found to be, Cdv = 0.59. 
